SUMMARY To assess the results of cardiac repalr utilizing a right ventricular to pulmonary artery conduit, we reviewed postoperative hemodynamic data in 16 patients catheterized 0.5 to 5 years after repair. In 12 patients, a Hancock conduit (dacron conduit with porcine valve) was used; the conduit in the remaining four patients was made with an aortic homograft. All patients in whom an aortic homograft was utilized developed severe obstruction and calcification of TWO SURGICAL TECHNIQUES to establish continuity between the right ventricle and pulmonary arteries are now well accepted. Either a homograft aortic valve with a segment of ascending aorta or a dacron conduit with a porcine aortic valve is used. These conduits have been used with short-term success for the repair of severe forms of tetralogy of Fallot," pulmonary atresia with ventricular septal defect,' truncus arteriosus,' and various forms of transposition of the great arteries with pulmonary stenosis and ventricular septal defect.6' 7 However, only a few patients with aortic homograft, and none with the dacron conduit, have been followed with long-term hemodynamic studies.8 10 The purpose of this study was to evaluate the hemodynamic and angiocardiographic findings in the early and late postoperative period in patients in whom either a homograft aortic valve with a segment of ascending aorta or a their graft. The majority of patients, 9/12, with a Hancock conduit, had only mild to moderate conduit obstruction; the remaining three had severe obstruction (gradients > 70 mm Hg). The sites of Hancock conduit obstruction were at the distal end of the conduit in 8/12, proximal end of conduit in 6/12, and at the porcine valve in 4/12 patients. The data suggest that repair with a Hancock conduit is hemodynamically more satisfactory than with aortic homograft. dacron conduit with a porcine aortic valve was used to establish continuity between the functional right ventricle and the main pulmonary artery or its major branches.
Material and Methods
Between January 1974 and September 1975, 16 consecutive patients with a conduit from functional right ventricle to pulmonary artery underwent cardiac catheterization at The Children's Hospital Medical Center of Boston. Catheterization was performed 0.1 to 5 years (mean 1.8 years) following the surgical repair (table 1). Twelve of these patients had severe forms of tetralogy of Fallot, two patients had D-transposition of the great arteries with pulmonary stenosis and a ventricular septal defect, one patient had truncus arteriosus, and one patient had corrected transposition with pulmonary atresia, and a ventricular septal defect. The patients' ages at surgery ranged between 2 and 24 years (mean 11.3 years). The operation was performed at either the Children's Hospital Medical Center of Boston (13/16 patients) or at the Mayo Clinic (3/16 patients).
In four of the 16 patients, a frozen-irradiated homograft aortic valve with a segment of the ascending aorta was used as a conduit to establish continuity between the heart and pulmonary arteries, while in the remaining 12 patients a Abbreviations: TOF = tetralogy of Fallot; SLL = situs solitus of the viscera, L-loop and L-transposition of the great arteries; DTGA = D-transposition of the great arteries; Bil = bilateral; B-T = Blalock-Taussig shunt; Asc. Ao. to RPA = ascending aorta to right pulmonary artery shunt; Lt = Left; Rt = Right; LPA = left pulmonary artery; MPA = main pulmonary artery.
glutaraldehyde-preserved dacron conduit with a porcine aortic valve (as provided by Hancock Laboratories) was used.
All conduits were inserted using the same surgical technique. A portion of the right ventricular free wall was excised and the bevelled end of the proximal end of the conduit was anastomosed to the right ventricle. The distal end of the conduit was also bevelled and anastomosed in an end-to-side manner to the pulmonary artery. No intraoperative right heart pressures or flows were measured in any of the patients.
Postoperative cardiac catheterization at our institution is recommended to all patients one year after surgical repair. Such an elective catheterization was performed in 10/12 patients in whom a dacron conduit with a porcine aortic valve was used (table 1). This represents almost 65% of those patients in whom a heterograft conduit was used prior to September, 1974. The remaining two patients with a dacron conduit and the four patients with an aortic homograft were catheterized because of persistent congestive heart failure. All 16 patients underwent right heart catheterization and right ventricular angiography. Fourteen of the 16 patients had left heart catheterization; left ventricular angiography was performed in nine patients and ascending aortic angiog-raphy in four. Cardiac output was determined by the Fick principle using a measured oxygen consumption in 13 of the 16 patients and using an assumed oxygen consumption value"' in three patients. Isometric hand grip exercise was performed in five patients using a hand dynomometer (Smedleys) at 50% of maximal voluntary capacity. The site of conduit obstruction was identified by pressure tracing during catheter passage, angiography, and/or at surgery. Calcification of the conduit was documented by plain chest X-ray, fluoroscopy, or at surgery. Pulmonary insufficiency was qualitatively identified by clinical auscultation. Table 2 summarizes the hemodynamic results of postoperative cardiac catheterization in the four patients with an aortic homograft. The homograft in each of these patients exhibited some degree of calcification. Figure 1 demonstrates extensive calcification of the aortic homograft conduit in patient 1. At reoperation, the patient's homograft was severely calcified with disappearance of the valvular cusps and almost complete obstruction of the lumen. The microscopic section of the calcified aortic homograft is shown in figure 2 . There are dense collagen fibers with areas of calcification, ossification, and almost no elastic tissue.
Results
The homograft was markedly obstructed in all four patients, as documented by a large pressure gradient in two, angiography in one, and surgery in one. Two of the patients (1 and 3) had suprasystemic pressures in the right ventricle when right ventricular pressures were measured simultaneously with aortic pressures. Right ventricular end-diastolic pressure was elevated in three patients and systemic blood flow was abnormally low in two. A murmur of pulmonary insufficiency was not detected in any of the patients. All four patients had congestive heart failure and two patients had arrhythmias. Table 3 summarizes the hemodynamic results of postoperative cardiac catheterization in the 12 patients with dacron conduit and porcine aortic valve. None of the patients had any evidence of calcification of the conduit either on chest X-ray or at fluoroscopy. However, all 12 patients had some degree of conduit obstruction (figs. 3-6). Pressure gradients across the right ventricular to pulmonary artery conduit ranged from 12 to 98 mm Hg, with the majority (nine out of 12) having a gradient of less than 45 mm Hg. Obstructions tended to be in three distinct areas: the proximal end of the conduit (junction with the ventricle) in eight of 12 patients; the porcine aortic valve in four of 12 patients; and the distal end of the conduit (junction with pulmonary artery) in six of the 12 patients. More than one obstruction was present in half of the patients.
Increased right ventricular end-diastolic pressure was present in only two of the 12 patients and none had decreased systemic blood flow. A murmur of pulmonary insufficiency was present in two patients (11 and 13) . In one of these, a pressure gradient was measured across the porcine valve and pulmonary artery pressure was normal. The second patient had severe pulmonary artery hypertension with no obstruction across the porcine valve. All but one of the patients with this type of conduit were asymptomatic. Patient 11 had congestive heart failure. Five of the 12 patients had isometric exercise studies during cardiac catheterization. An increase in pulmonary blood flow during isometric exercise was demonstrated in all five patients ( fig.   7 ). The increase in flow ranged from 31 to 81% (mean 49%). The four patients in whom a pulmonary artery to right ventricular pressure was obtained during exercise demonstrated an increase in the pressure gradient which was proportional to the increase in pulmonary flow.
Seven of the 12 patients in whom a dacron conduit was used had a residual ventricular septal defect, only one of which caused hemodynamically significant left-to-right 
Discussion
Since 1966 when Ross and Somerville1 used a homograft aortic valve with a segment of ascending aorta to reconstruct the right ventricular outflow tract in a patient with pulmonary atresia, the use of a valve-carrying conduit to establish continuity between the right ventricle and pulmonary arteries has become a common treatment for some con- genital cardiac malformations. However, despite the wide use of conduits, little is known about the long-term hemodynamic effects of these devices on patients. There have been a number of reports of severe calcification and obstruction in patients in whom a homograft aortic valve with a segment of ascending aorta was used to establish continuity.'2-15 Four of our 16 patients had an aortic homograft used in repair, and each demonstrated calcification and obstruction of the homograft at recatheterization two to five years postoperatively. In one patient, the homograft was severely calcified with complete destruction of the valvular cusps and severe obstruction to flow. Similar results were observed by Merin and McGoon" in one of their patients. The calcification of the implanted homograft valve and vessel is thought to be related to techniques of the sterilization and preservation of the homograft."3 " Because of the high incidence of calcification, severe obstruction, and pseudoaneurysm for-mation, we have abandoned the use of homograft conduits and at present prefer the use of glutaraldehyde-preserved dacron conduits with a porcine aortic valve. In none of the 12 patients with dacron conduits and porcine aortic valve was calcification present; however, these patients have only been followed for 0.1 to 3 years (mean 1.2 years) while the patients with calcified homografts have been followed for 1.5 to 5 years (mean 3.8 years). Nine of the 12 patients with dacron conduit and porcine aortic valve had mild to moderate pulmonary outflow tract obstruction (less than 44 mm Hg). This degree of right ventricular outflow tract obstruction represents an acceptable gradient." '6 17 However, three of the patients did have severe conduit obstruction and may require reoperation for relief of the conduit obstruction in the future. At present our major indicators for reoperation are persistent congestive heart failure and/or suprasystemic right ventricular pressures. The conduit obstruction was documented to occur at three sites: at the egress from the right ventricle, at the porcine valve, and at the pulmonary artery to conduit junction. Obstruction distally, at the pulmonary artery junction, was the most common site, occurring in eight out of 12 patients. Six of the eight patients with a distal obstruction had a narrowed or deformed main or right pulmonary artery secondary to a previous systemic-to-pulmonary shunt. This probably represents the predominant mechanism for obstruction at the distal end of the conduit. Hypoplasia of the pulmonary arteries in patients with markedly diminished pulmonary flow may also contribute to distal obstruction. In each of the six patients with proximal obstruction, the obstruction was documented by angiography to result from kinking of the graft as it exited from the right ventricle.
Finally, four of the patients exhibited obstruction at the level of the porcine valve. In one of these patients a murmur of pulmonary insufficiency was also present, suggesting a structural abnormality of the porcine valve itself rather than a relatively small anulus as the cause of the obstruction. We have no data on which to base recommendations for optimal conduit size but believe increasing obstruction with growth is a possible complication, especially when the conduit is inserted in very young patients.
Isometric exercise increased the magnitude of conduit obstruction ( fig. 7 ). An approximate increase in pulmonary blood flow of 50% resulted in an average increase of gradient across the conduit of 16 mm Hg. Since isometric exercise causes relatively small increases in flow, it is likely that during rhythmic exercise, which brings about a great increase in pulmonary flow, a much larger increase in conduit gradient will occur. A dacron conduit with a porcine aortic valve is a hemodynamically more satisfactory means of re-establishing continuity between the heart and pulmonary arteries in certain forms of congenital heart disease, but most of our patients developed obstruction even with dacron conduits.
